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KDUERXUPLJKW H[SHULHQFH WKH GLIIHUHQW H[WHUQDO IRUFHV VXFK DVZLQG IRUFH FXUUHQW IRUFH DQG WKH K\GURG\QDPLFV
IRUFHVGXHWRLQFLGHQWZDYHIURPYDULRXVGLUHFWLRQV$VPDOOSRUWLRQRILQFLGHQWZDYHVDUHUDGLDWHGWKURXJKHQWUDQFH
WR WKH RSHQ VHD DQG UHPDLQLQJ SRUWLRQ LV GLIIUDFWHG UHIUDFWHG DQG SDUWLDOO\ UHIOHFWHG UHSHDWHGO\ E\ ERXQGDU\ RI
PRRUHGVKLSVDQGWKHLQWHULRUERXQGDU\RIWKHKDUERXU
0DQ\UHVHDUFKHUVKDYHGHYHORSHGVHYHUDOQXPHULFDOVFKHPHVWRDQDO\VHWKHK\GURG\QDPLFUHVSRQVHRIPRRUHG
VKLS LQ D UHDOKDUERXU+RZHYHU WKHVH DSSURDFKHV DUHPRGHOEDVHGZKLFK DUHXVHIXO WRSUHGLFW WKHZDYH ILHOG DW
PRRUHGVKLSLQWKHKDUERXURIDUELWUDU\FRPSOH[JHRPHWU\$QXPHULFDOVFKHPHZDVGHYHORSHGE\2RUWPHVVHQ>@
WR DQDO\VH WKHPRRUHG VKLS LQ VKDOORZZDWHUZDYHV LQ D KDUERXU 6DZDUDJL DQG.XER >@ LQYHVWLJDWHG%RXQGDU\
,QWHJUDO (TXDWLRQ 0HWKRG %,(0 XVLQJ WKUHH GLPHQVLRQDO ' *UHHQ¶V IXQFWLRQV ZKLFK LV DSSOLHG RQ D
UHFWDQJXODU IORDWLQJ ERG\ LQ D UHFWDQJXODU KDUERXU 7DNDJL DQG 1DLWR >@ LQGHSHQGHQWO\ GHYHORSHG D PLOG VORSH








)LUVWO\ WKH ZDYH ILHOG IRU ERXQGHG DQG XQERXQGHG UHJLRQ DUH HYDOXDWHG XQGHU WKH SDUWLDO UHIOHFWLRQ ERXQGDU\
FRQGLWLRQV >@ IRU GLIIHUHQW UHVRQDQW IUHTXHQFLHV ZDYHV ZLWK YDULRXV GLUHFWLRQV )XUWKHU DSSO\LQJ WKH FRQVWDQW
GHQVLW\ DVVXPSWLRQ XQGHU WKH FRQVLGHUDWLRQ RI OLQHDUL]HG NLQHPDWLF DQG G\QDPLF VXUIDFH ERXQGDU\ FRQGLWLRQV
/DSODFHHTXDWLRQLVVROYHGE\XVLQJ'%(0WRREWDLQWKHVL[GLIIHUHQWPRGHVRIPRRUHGVKLSPRWLRQLQWKHVKLS
UHJLRQ6HFRQGO\WKHSUHVHQWQXPHULFDOVLPXODWLRQUHVXOWLVYDOLGDWHGWKURXJKWKHFRPSDULVRQZLWKWKHSUHYLRXVZHOO




WKH VKLS UHJLRQ7KHERXQGHGUHJLRQ EΩ ZLWKXQLIRUPGHSWKK LV VXUURXQGHGE\ WKHKDUERUZDOO6: LQFOXGLQJ WKH






)LUVWO\ ZH XWLOL]HG +HOPKROW] HTXDWLRQ LQ ERXQGHG DQG XQERXQGHG UHJLRQ WR GHWHUPLQH WKH ZDYH LQGXFHG
RVFLOODWLRQLQDQDUELWUDU\VKDSHGKDUERXUFRQVLGHUWKHFRUQHUFRQWULEXWLRQDQG&KHE\VKHY3RLQWGLVFUHWL]DWLRQ>@
7KHQ YHORFLW\ SRWHQWLDO LV HYDOXDWHG LQ WKH ERXQGHG DQG VKLS UHJLRQ ,Q VKLS UHJLRQ WKH SRWHQWLDO IXQFWLRQ LV
H[SUHVVHGLQWHUPVRIGLIIUDFWLRQDQGUDGLDWLRQSRWHQWLDODVIROORZLQJ
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ZKHUH  , 5 Vφ φ φ φ= + + LV GHQRWHV WKH GLIIUDFWLRQ SRWHQWLDO LQ ZKLFK ,φ LV WKH LQFLGHQW ZDYH SRWHQWLDO 5φ LV WKH
UHIOHFWLYH ZDYH SRWHQWLDO DQG Vφ LV WKH VFDWWHULQJ ZDYH SRWHQWLDO 5DGLDWLRQ SRWHQWLDO Mφ VDWLVILHV WKH /DSODFH
HTXDWLRQVVXFKWKDW
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7KH QXPHULFDO VLPXODWLRQV KDYH EHHQ FDUULHG RXW RQ 31+ WR DQDO\VH WKH PRRUHG VKLS PRWLRQ ZKLFK LV
VSHFLILHG DV WUDQVODWLRQDOPRWLRQ DQG URWDWLRQDOPRWLRQ 7UDQVODWLRQDOPRWLRQ LQFOXGHV DV VXUJH VZD\ DQG KHDYH
FRPSRQHQWRIDGGHGPDVVDQGGDPSLQJFRHIILFLHQWDVVKRZQLQXSSHUSDUWRI)LJ)XUWKHUVLPXODWLRQUHVXOWVIRU
WKHURWDWLRQDOPRWLRQLHWKHUROOSLWFKDQG\DZFRPSRQHQWRIDGGHGPDVVDQGGDPSLQJFRHIILFLHQWDUHVKRZQLQ
ORZHUSDUWLQ)LJ7KHQRQGLPHQVLRQDOIUHTXHQF\  V/  Jω LVWDNHQDORQJ[D[HVZLWKIUHTXHQF\GLIIHUHQFH
)UHTXHQF\GLIIHUHQFHLVWDNHQVPDOOHQRXJKWRHQVXUHWKHQXPHULFDODFFXUDF\RIVLPXODWLRQUHVXOWVIRUPRRUHGVKLS






ZLWK 1  HQWUDQFH VHJPHQW GLYLVLRQ 7KH ORFDWLRQ RI PRRUHG VKLS 60 LQVLGH WKH 31+ LV VKRZQ LQ D ZLWK
602   Prashant Kumar and Kim Kwang Ik /  Procedia Engineering  127 ( 2015 )  598 – 604 
GLVFUHWL]HGERXQGDU\7KHQXPHULFDOVLPXODWLRQVDUHFRQGXFWHGWRILJXUHRXWWKHFKDUDFWHULVWLFVRIWKHRFHDQVXUIDFH
ZDYH LQ WKH VKLS UHJLRQ IRUZDYHRI GLIIHUHQW UHVRQDQFHPRGHV DQGGLUHFWLRQV ,Q WKH VKLS UHJLRQ WKH ILUVW WKUHH
UHVRQDQFHPRGHDUHREWDLQHGDWQRQGLPHQVLRQDOZDYHQXPEHUN N DQGN >@7KXVWKHZDYH
HOHYDWLRQ LQ WKH VKLS UHJLRQ KDV EHHQ QXPHULFDOO\ FRPSXWHG IRU WKH LQFLGHQWZDYHV FRPLQJ IURP VRXWK GLUHFWLRQ
WRZDUGVHQWUDQFHZLWKLQFLGHQWDQJOH  α π= ZKLFKLVVKRZQLQWKH)LJ7KHLPSDFWRILQFLGHQWZDYHVRQWKH
PRRUHGVKLSIURPYDULRXVUHVRQDQFHPRGHVDWSDUWLFXODUGLUHFWLRQLVREVHUYHG
)LJ,QWUDQVODWLRQDOPRWLRQVXUJHDGGHGPDVV$0VZD\DGGHGPDVV$0KHDYHDGGHGPDVV$0VXUJHGDPSLQJFRHIILFLHQW
  % 0ω VZD\GDPSLQJFRHIILFLHQW   % 0ω KHDYHGDPSLQJFRHIILFLHQW   % 0ω UROODGGHGPDVV$0/VSLWFKDGGHGPDVV
$0/VDQG\DZDGGHGPDVV$0/V,QURWDWLRQDOPRWLRQUROOGDPSLQJFRHIILFLHQW   V% 0/ω SLWFKGDPSLQJFRHIILFLHQW
  V% 0/ω DQG\DZGDPSLQJFRHIILFLHQW   V% 0/ω KDYHVKRZQZLWKQRQGLPHQVLRQDOIUHTXHQF\GLIIHUHQFHIRUWKH
PXOWLGLUHFWLRQDOGLUHFWLRQDOLQFLGHQWZDYHV$ORQJ[D[LVQRQGLPHQVLRQDOIUHTXHQF\  V/  Jω LVWDNHQZKHUH ω LVWKHDQJXODUIUHTXHQF\/6
LVWKHOHQJWKRIPRGHOVKLSDQGJWKHJUDYLWDWLRQDOFRQVWDQW
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)LJ'LVFUHWL]HG31+ZLWKPRRUHGVKLS60D2FHDQVXUIDFHZDYHILHOGDQDO\VLVRIPRRUHGVKLSPRWLRQIRUWKHILUVWWKUHHUHVRQDQFHPRGHV
N EN FN GZKHQGLUHFWLRQDOLQFLGHQWZDYHSURSDJDWHWRZDUGHQWUDQFHDWDQLQFLGHQWDQJOH  α π= 
 &RQFOXVLRQ
,Q WKLV SDSHU PRRUHG VKLSPRWLRQ KDV EHHQ DQDO\]HG IRU WKH ORQJ ZDYHV RI VPDOO DPSOLWXGH IURP YDULRXV
GLUHFWLRQV XQGHU WKH YDULRXV UHVRQDQFH FRQGLWLRQV 7KH GLUHFWLRQ RI WKH LQFLGHQWZDYHV DQG UHVRQDQFHPRGHV DUH
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@66DNDNLEDUD0.XER&KDUDFWHULVWLFRIORZIUHTXHQF\PRWLRQRIVKLSVPRRUHGLQVLGHSRUWVDQGKDUERUVRQWKHEDVLVRIILHOGREVHUYDWLRQV
0DULQH6WUXFWXUHV
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